A combination therapy of multiple drugs including isoniazid, rifampicin, ethambutol and pyrazinamide has been proven to be an effective option for the vast majority of tuberculosis (TB) patients. However, various adverse drug reactions (ADRs) limit its merit, with anti-TB drug-induced hepatotoxicity (ATDH) being a common and sometimes severe ADR. This study aimed to investigate the association between polymorphisms in two nuclear receptor genes, pregnane X receptor (PXR) and constitutive androstane receptor (CAR), and the risk of ATDH in a Chinese population. Subjects with or without hepatotoxicity during anti-TB treatment were recruited. DNA was extracted from peripheral blood and genotypes of the selected single nucleotide polymorphisms (SNPs) were determined by using the improved multiplex ligation detection reaction technique. Three genetic models (additive, dominant, and recessive) as well as haplotype, SNP-SNP interaction analyses were used to evaluate the genetic risk of ATDH. A total of 502 subjects (203 ATDH and 299 non-ATDH) were enrolled. The results showed that the minor allele of rs7643645 and the H0010001 haplotype in PXR were associated with decreased risk of ATDH, suggesting that drug-metabolizing enzymes regulated by pXR are involved in the pathogenesis of ATDH. More studies are required to verify this result.
Scientific RepoRts | (2019) 9:2217 | https://doi.org/10.1038/s41598-018-38452-z ATDH susceptibility in the Chinese population [9] [10] [11] , as well as other populations 12 . However, these genetic biomarkers have shown poor reproducibility in some studies. Other genetic predictors of ATDH were implicated in certain populations, e.g. ATP binding cassette subfamily B member 1 in Brazilians or human leukocyte antigen in Indians 13, 14 . In our previous study, we observed cytochrome P450 2B6 variants may associate with susceptibility to ATDH but only in males 15 . However, the findings to date may only represent a small minority of the genetic variants relevant to ATDH and a more reliable biomarker is needed for predicting ATDH. Genetic variants influencing the expression and/or activities of target proteins may result in a varying degree of accumulation of hepatotoxins in TB drug metabolism. However, ATDH remains unpredictable even when genetic and environmental factors are taken into account 16 . Therefore, we increased the sample size of our previous study to explore other candidate genes in addition to the phase I, II or III drug-metabolizing enzymes that were the focus of most previous studies. The nuclear receptor subfamily 1 group I member 2 (NR1I2) gene, also known as pregnane X receptor (PXR), was first identified in 1988 as a member of the nuclear receptor superfamily, and is primarily expressed in the liver, intestine and kidney 17 . When activated by an agonist such as rifampicin, PXR up-regulates a large number of target drug-metabolizing enzyme genes including the cytochrome P450 family, carboxylesterases, glutathione S-transferases, UDP-glucuronosyltransferase, etc 18 , resulting in enhanced drug metabolism. Thus, during combination treatment with multiple anti-TB drugs, PXR may contribute to drug-drug interactions, and lead to variability in drug metabolism and disposition. Li et al. found that co-administration of rifampicin and isoniazid leads to higher levels of alanine aminotransferase (ALT), alkaline phosphatase, and bile plugs through a PXR-mediated minor metabolic pathway in a humanized PXR mouse model 19 . Moreover, rifampicin-mediated PXR activation can function as a negative regulator of inflammation and immunity, linking drug and xenobiotic metabolism to immune responses, through inhibition of the NF-κB signaling pathway 20, 21 . In addition, a heightened sensitivity to oxidative toxicants was noted in both cell and mouse models upon PXR activation 22 . With improvement of genetic research methodology, a large number of single nucleotide polymorphisms (SNPs) in the PXR gene were proven to influence the function of PXR 23 , as well as an individual's susceptibility to drug-associated liver injury 24 .
The nuclear receptor subfamily 1 group I member 3 (NR1I3), also known as the constitutive androstane receptor (CAR), is highly expressed in the liver and showed an overlapping set of target genes with PXR in response to potentially harmful chemicals 25, 26 . It has been demonstrated that CAR gene polymorphisms may play a role in the inter-individual variability in the expression of many drug-metabolizing enzymes and in the susceptibility to drug-induced hepatotoxicity 27 . Therefore, the aim of present study was to investigate a possible correlation between PXR and CAR gene polymorphisms, together with the interaction of SNP-SNP, and risk of ATDH in Chinese TB patients.
Results
Patient characteristics. A total of 502 TB patients were enrolled in our study, including 203 ATDH and 299 non-ATDH. There were no statistically significant differences in the age, gender, ethnicity, height, weight, smoking, alcohol abuse and positive hepatitis B surface antigen (HbsAg) results between the patients with hepatotoxicity and those without hepatotoxicity (see Table 1 for details).
The severity and timing of ATDH onset are presented in Table 2 . Among the ATDH group, 25.6%, 38.4% and 17.2% presented grade 1, grade 2 and grade 3 hepatotoxicity, respectively and 18.7% developed severe liver injury with ALT >10 upper limit of normal (ULN). About half of the cases of ATDH occurred in the first month of anti-tuberculosis treatment (see Table 2 for details). Table S1 . The concordance rate of genotype results for the blind repeated samples was 99.5%. Genotype distributions of the SNPs in the ATDH and non-ATDH groups are presented in Table 3 , and all the SNPs conformed to Hardy-Weinberg equilibrium (HWE) (p > 0.05). As shown in Table 3 , the rs7643645 SNP in PXR showed statistical significance (additive model: OR = 0.704, 95% CI 0.539-0.918, P = 0.010; Dominant model: OR = 0.609, 95% CI 0.405-0.917, P = 0.017). Compared with the major allele, carrying the minor (G) allele was significantly associated with decreased ATDH risk. We also observed that the proportion of rs7643645 allele G decreased as the severity of ATDH increased (trend P = 0.003): 50.5% in controls, 43.8% in grade 1 and 2 groups, and 38% in grade 3 and 4 groups. However, we did not detect any association between the other 12 SNPs and risk of ATDH ( Table 3 ).
Association of the haplotypes of PXR and CAR with risk of ATDH. The linkage disequilibrium (LD) plots of selected PXR and CAR SNPs in the study population are shown in Fig. 1 . Low LD among these SNPs was observed in both genes, except moderate LD between rs6785049 and rs3814057 in PXR, and between rs2502805 and rs7530560 in CAR. By haplotype analyses of these tagSNPs, we found 9 haplotypes in PXR and 6 haplotypes in CAR with a frequency more than 0.03 (Tables 4 and 5, respectively). Among these common haplotypes, one haplotype (H0010001) in the PXR gene had a significant association with decreased ATDH risk (OR = 0.591, 95% CI 0.377-0.927, P = 0.021).
SNP-SNP interactions with risk of ATDH.
We carried out a multifactor dimensionality reduction (MDR) analysis with all the tested SNPs to investigate potential genetic interactions associated with ATDH. We limited the interaction models from two-way to five-way. However, we did not identify a multilocus model with receivable cross-validation consistency (from 2/10-5/10). Moreover, all these models did not reach the threshold value of statistical significance (Table S2 ).
Power analysis.
We calculated the power of the sample size for the 13 selected SNPs under the allelic models (Figs S1 and S2). The results showed that our study has reasonable power (>90%) to draw conclusions with OR1.6 or above, except rs4073054 which has a low MAF of 0.105.
Discussion
ATDH remains a serious problem for TB prevention and treatment due to the limited understanding of its pathogenesis. Therefore, biomarkers which can detect patients with different susceptibility to ATDH are urgently needed to further understanding of the pathogenesis of this adverse event and for guiding clinical decision making 28 . In the present association study, we focused on the genetic polymorphisms of the nuclear receptor, which can influence a wide range of metabolizing enzymes in the liver that are involved in drug-drug interactions 29 . We found that rs7643645 and a haplotype of the PXR gene were associated with ATDH. The PXR rs7643645 G allele and individuals carrying the H0010001 haplotype showed significantly decreased risk for ATDH. Genetic polymorphisms of NAT2, CYP2E1 and the GST family are the most studied in relation to ATDH, for they may affect the metabolism and elimination of isoniazid, or are involved in oxidant-antioxidant balance in liver cells after exposure to anti-TB drugs 12 . We previously demonstrated that CYP2E1, GSTP1 and CYP2B6 were associated with susceptibility to ATDH by a meta-analysis and a case-control study 15, 30, 31 . Moreover, NAT2 mediates isoniazid biotransformation to form acetylhydrazine, which then undergoes oxidization by CYP2E1 to form a hepatotoxic substance 32 , but there is little evidence to implicate these enzymes in the metabolism of other anti-TB drugs such as pyrazinamide, which account for approximately 60% of ATDH 33 . The incidence of liver injury was higher in patients with co-treatment of rifampicin and isoniazid than taking either drug alone 34 . A widely accepted explanation for this is based on the rifampicin-mediated up-regulation of metabolic enzymes, which may contribute to isoniazid bioactivation and toxicity 35, 36 . PXR serves as the main acceptor of rifampicin, and may be involved in this drug-drug interaction and the pathogenesis of ATDH. A previous study suggested that multiple SNPs, including rs7643645, in the PXR gene influenced the expression of PXR and its target genes in donor livers with or without rifampicin pretreatment 23 . The G allele of rs7643645 showed loss of a potential hepatic nuclear factor 4α binding site and was associated with lower CYP3A, MDR1 and PXR mRNA expression, compared to the A allele 37, 38 . The lower level of drug-drug interaction in individuals carrying the PXR rs7643645 GG genotype may be a potential protective mechanism, which is consistent with our result. Another potential pathogenesis of ATDH is the imbalance between production of reactive oxygen species and detoxification of reactive intermediates 39 . Gong et al. found that mice treated with a PXR agonist and cell lines with activated human PXR showed heightened sensitivity to oxidative toxicants, with an increased production of reactive oxygen species 22 . Therefore, further study is needed to determine whether the rs7643645 G allele confers lower PXR activity and expression, and reduced susceptibility to oxidative stress and ATDH. Surprisingly, a previous study by Wang et al. concluded that the rs7643645 AA genotype was associated with the decreased risk of ATDH in females 40 . However, a large number of studies indicate that females have a higher risk of ATDH than males 41, 42 . CYP3A activity was higher in females compared with males 43 . We reasoned that the rs7643645 GG genotype with lower CYP3A activity may lead to decreased risk of ATDH. This hypothesis should be tested in future studies. Moreover, we excluded the potential risk factors of ATDH such as cancer and renal failure, which made up nearly 30% of the subjects by Wang et al. study and this may make our results more reliable. However, some differences between two studies should also be taken into consideration, e.g. the study design (Wang et al. performed a prospectively conducted study 40 , while we utilized a case-control study) and the definition of ATDH (Wang et al. defined ATDH as ALT > 5 × ULN in asymptomatic patients and ALT > 3 × ULN in symptomatic patients 40 , while we used criteria recommended by an international consensus meeting which are described in the methods section). Another genetic association study by Zazuli et al. demonstrated that PXR rs3814055 was associated with risk of ATDH 44 , which is inconsistent with our result. We believe these conflicting findings may be due to differences in ethnicity and definition of ATDH between the studies. In the study by Zazuli et al., ATDH was designated as an increase in serum ALT and AST levels above the ULN. Moreover, if we raised the ALT threshold (ALT > 5 ULN) for ATDH, that recommended by the Chinese Society of Hepatology in 2015 45 , to further explore the clinical utility of testing for rs7643645, we observed a stable positive result (cases: 73, controls 299; additive model: OR = 0.601, 95% CI = 0.416-0.817, P = 0.006; dominant model: OR = 0.400, 95% CI = 0.190-0.842, P = 0.013; recessive model: OR = 0.574, 95% CI = 0.335-0.986, P = 0.043).
We did not find any positive results for the SNPs in the CAR genetic region. There are several reasons to explain this lack of association. Firstly, although the sample size of our study gave an acceptable power (>90%) to detect a common risk allele with an OR of 1.6 in most SNPs, the analysis of rs4073054 was still underpowered (Figs S1 and S2). Secondly, antituberculosis drugs and their metabolites were metabolized by enzymes such as NAT2 or CYP2E1 28 . CAR or its genetic variation may not play a pivotal role in this specific pathway. Given that combined analyses of SNPs may display a more complete picture of the candidate genes, we further conducted a haplotype analysis and, a SNP-SNP interaction analysis of the selected tagSNPs. We only found that a haplotype in PXR (H0010001) showed decreased risk of ATDH.
There are several strengths of our study. We limited the confounding factors by excluding the comorbidities of HIV infection, cancer, renal failure or cardiac dysfunction and estimated the association between genetic factors and risk of ATDH with adjustment for other confounders. Moreover, in order to avoid potential bias, those who were in charge of clinical data and those who were responsible for laboratory data worked independently in this Table 4 . Analyses of derived haplotypes (frequency more than 3%) from seven polymorphisms of PXR with the risk of ATDH. † "0" represents the major alleles, "1" represents the minor alleles. Order of polymorphisms: rs3814055, rs2472677, rs7643645, rs3732357, rs2472682, rs6785049, rs3814057. ATDH: antituberculosis druginduced hepatotoxicity. Table 5 . Analyses of derived haplotypes (frequency more than 3%) from six examined polymorphisms of CAR with the risk of ATDH. † "0" represents the major alleles, "1" represents the minor alleles. Order of polymorphisms: rs4073054, rs2307424, rs3003596, rs6686001, rs2502805, rs7530560. ATDH: antituberculosis drug-induced hepatotoxicity.
Scientific RepoRts | (2019) 9:2217 | https://doi.org/10.1038/s41598-018-38452-z association study found that Chinese Han and Tibetans share a similar genetic background 46 . There is a paucity of similar studies for Yi and other Chinese populations. Therefore, we had no alternative but to choose the SNP information of the Beijing Han population. We believe that the small proportion of Yi and other groups (3%) had only a minor effect on our results. If the subgroup of Chinese Han only was analyzed, we found rs7643645 was still significantly associated with decreased risk of ATHD (cases: 181, control: 280; additive model: OR = 0.607, 95% CI = 0.461-0.800, P < 0.001; dominant model: OR = 0.504, 95% CI = 0.334-0.760, P = 0.001; recessive model: OR = 0.539, 95% CI = 0.332-0.875, P = 0.012).
Nevertheless, some potential limitations should be taken into consideration when interpreting our results. Firstly, the activity of enzymes including PXR, CAR and other related downstream metabolic enzymes were not evaluated in the individuals. Secondly, a large number of previous studies have shown that polymorphisms of multiple genes may be involved in ATDH, suggesting the occurrence of ATDH may result from the combination of variation in several susceptibility genes, such as NAT2 or CYP2E1 47 . However, we did not genotype other candidate genes. Thirdly, in this retrospective case-control study, there were some inevitable biases in the characteristics of the patients. We limited these biases by using a combination of face-to-face questionnaires and screening the medical records, and excluded the subjects with incomplete or uncertain clinical/demographic data. In addition to HBV co-infection, alcohol consumption, and smoking (which we used as covariates in the analysis), hepatitis C virus (HCV) co-infection was also shown to be a risk factor for ATDH 48 . However, according to an epidemiologic study with a total of 236,920 individuals performed in China 49 , the incidence of HCV co-infection is just 3%. Therefore, we did not test for HCV co-infection in all the participants. Despite this, we searched the medical records in West China Hospital and found that 214 patients (96 in ATDH group and 118 in no-ATDH group) had been serologically tested for anti-HCV. The incidence of HCV co-infection was 3.1% (3/96) in ATDH group and 1.7% (2/118) in the no-ATDH group. Therefore, this risk factor may only have caused a minimal bias. We also analyzed the subjects without HBV/HCV co-infection, and found the result did not change.
In conclusion, PXR genetic polymorphism may be a valuable biomarker potentially involved in ATDH. More studies are required to verify our results.
Methods

Subjects. Ethical approval for this study was obtained from the Institutional Review Board of the West China
Hospital of Sichuan University. Methods were carried out in accordance with the approved guidelines. Written informed consent was obtained from each subject. In this case-control study, we recruited TB patients who were diagnosed and treated in the West China Hospital, Chengdu, Sichuan Province, People's Republic of China between October 2013 and October 2016. The inclusion criteria for the control group (non-ATDH group) were as follows: (a) Normal serum ALT, aspartate aminotransferase and bilirubin levels before anti-TB treatment. (b) Daily treatment with isoniazid, rifampicin, ethambutol and pyrazinamide for at least 2 months, followed by daily treatment with isoniazid, rifampicin and ethambutol, with the total course of treatment equal to or more than 6 months. The dosage of each drug was as follows: isoniazid 300 mg/d, rifampicin 450 mg/d ≤ 50 kg body weight and 600 mg/d > 50 kg body weight, ethambutol 750 mg/d, pyrazinamide 1500 mg/d. (c) At least monthly liver function tests and all with normal results. The inclusion criteria for the case group (ATDH group) were as follows: (a) Normal serum ALT, AST and bilirubin levels before anti-TB treatment. (b) During the period of first line anti-TB treatment (the dosage of each drug was the same as the no-ATDH group), patients meeting the criteria of ATDH reported by an international consensus meeting 1990 50 . In detail, the definition of ATDH was at least one instance of ALT greater than 2 times the ULN and/or a combined increase in AST and total bilirubin, provided one of them was greater than 2 times the ULN, as previously defined. The cutoff of ULN was 50 IU/L for ALT and AST, 28 umol/L for total bilirubin. Sample collection and processing. After obtaining consent, we collected a 5 ml peripheral blood specimen from each patient in ethylene diamine tetraacetic acid coated tubes (BD Vacutainers, Franklin Lakes, NJ, USA). The plasma was isolated within 24 hours for determination of the HBsAg by commercial enzyme-linked immunosorbent assay kits (Abbott Park, Wiesbaden, Germany) and the rest of blood specimen was used for extraction of genomic DNA by commercial kit (Axygen Scientific Inc, Union City, CA, USA). The DNA samples were stored at −80 °C until further analysis. Genotyping of the selected SNPs was performed by laboratory technicians who were blind to the clinical data, using an improved multiplex ligation detection reaction (iMLDR) technique developed by Genesky Biotechnologies Inc. (Shanghai, China) 53 . We also used 10% blind repeated samples for quality control of genotyping. The primer and probe information is shown in Table S3 . Raw data were analyzed using the GeneMapper 4.1 software program (Department of Computer Science, University of California at Berkeley, Berkeley, CA, 94720, USA).
Statistical analysis.
Statistical analyses were performed using SPSS version 17.0 (Chicago, Illinois, USA).
All tagSNPs were tested for agreement with HWE by a goodness-of-fit χ 2 test. Quantitative variables were expressed as mean ± standard deviation (SD), and qualitative variables were presented as percentages. The demographic and clinical data of the ATDH group and the no-ATDH group were compared using the χ 2 test and Student's t-test. Three genetic models (additive, dominant, and recessive) were used for assessing the genotype risk of ATDH. Association between genotypes and ATDH risk was evaluated by P value and odds ratio (OR) as well as corresponding 95% confidence intervals (CI) by logistic regression. Covariates considered for inclusion in the regression analysis were ethnicity, age, gender, height, weight, smoking, drinking, and HbsAg result. LD among the selected SNPs was assessed by Haploview v4.2 (http://www.broad.mit.edu/mpg/haploview/) 51 . SHEsis online software was applied for the haplotype analysis of PXR and CAR gene polymorphisms (http://analysis. bio-x.cn/myAnalysis.php) 54 . Rare haplotypes with a frequency less than 0.03 were collapsed into one category in the final haplotype analyses. Two-sided values of p < 0.05 were considered statistically significance. Furthermore, we used the Multifactor Dimensionality Reduction Software (version 3.0.2) to analyze the SNP-SNP interactions associated with ATDH 55 . An overall best model was selected that had high cross-validation consistency and maximum testing balanced accuracy. P < 0.05 by comparing the observed average CVC of each chosen model with the distribution of average consistencies under the null hypothesis of no associations derived empirically from 1000 permutations was considered significant. We also calculated the power of our study design using Power and Simple Size Calculation Software (http://biostat.mc.vanderbilt.edu/PowerSampleSize).
